________________________________________________________________________ INTRODUCTION
We have employed ab initio electronic structure calculations to obtain values of the energy barriers for the rotations of ten different methyl groups in the crystals of five methyl-substituted phenanthrenes and three methyl-substituted naphthalenes. We began by calculating the molecular structures of the eight isolated molecules, whose names, acronyms, numbering schemes, 1 and (except for 4,5-DMP) ground-state methyl conformations are shown below. We then calculated the molecular structures for clusters containing 8-13 molecules of each of these compounds. These clusters were constructed computationally to have the same packing patterns as those found for the eight compounds by single-crystal X-ray diffraction or single-crystal neutron diffraction measurements by us or by others. [2] [3] [4] [5] We tested the dependability of our computational methods by comparing the calculated values of the energy barriers for methyl rotation in the clusters with the experimental values of the activation energies for methyl rotation in the crystals of these eight compounds as determined by measurements of the solid-state NMR 1 H spin-lattice relaxation rates as a function of temperature and NMR frequency. [6] [7] [8] [9] Our experimental design is based on three assumptions: (1) that the calculated barrier for methyl rotation in an isolated molecule provides an appropriate measure of the combination of intramolecular steric and intramolecular electronic effects that contribute to the destabilization of the transition-state conformation relative to the ground-state conformation of the isolated molecule; (2) that the computationally constructed clusters each contain a sufficient number of molecules surrounding the central molecule to create a local environment for that molecule that is a reasonable simulation of the local environment of an individual molecule in the actual crystal; and (3) that if the groundstate conformation of the methyl group in the central molecule in a cluster is sufficiently similar to the ground-state conformation of the methyl group in the isolated molecule, then an approximate estimate of the intermolecular contribution to the methyl rotation barrier in the crystal can be obtained by subtracting the calculated barrier for the isolated molecule from the calculated barrier for the central molecule in the cluster.
RESULTS AND DISCUSSION
Calculations for the Isolated Molecules. The ground-state molecular structures of the isolated molecules of the eight compounds depicted in the Introduction were obtained by fully optimized electronic structure calculations at the HF/6-31G*//HF/6-31G* level and also at the B3LYP/6-31G*//B3LYP/6-31G* level. The geometries obtained as these two levels were nearly identical; only those obtained at the latter level are reported here. In each case, normal mode analyses were carried out at the corresponding level to confirm that the calculated structure corresponded to a minimum energy conformation. As documented in the Supporting Information, the calculated CC bond distances and CCC bond angles in the ground states of the isolated molecules are in good agreement with the values that we or others have obtained from single-crystal X-ray diffraction or single-crystal neutron diffraction measurements of 9-MP, 1,9-DMP, 3,9-DMP, 1,5-DMN, 2 2,6-DMN, 1,8-DMN, 3 9,10-DMP, 4 and 4,5-DMP. 5 The internal rotation coordinate for the methyl groups is defined in this study as the dihedral angle  between the following two bonds: whichever one of the two aromatic ring CC bonds flanking the position bearing the methyl group has the higher  bond order, and whichever one of the three CH bonds in the methyl group makes the smallest dihedral angle with respect that ring CC bond. For each of the compounds in this study except 4,5-DMP the isolated molecules have calculated ground-state structures in which all the carbons are coplanar and each methyl group has a dihedral angle of  = 0º. As a consequence of the intramolecular crowding of the methyl groups in 4,5-DMP, the carbon skeleton of the phenanthrene ring system is twisted and the methyl groups in the isolated molecule were calculated to have dihedral angles of  = 42.9º in the ground state.
To determine the rotation barriers for the ten types of methyl groups in the eight isolated molecules, fully optimized energy calculations of the classical potential energy surfaces for methyl rotations were carried out at the HF/6-311+G**//HF/6-31G* level and also at the B3LYP/6-311+G**//B3LYP/6-31G* level for a series of conformations with fixed values of  ranging in 10º steps from the ground-state energy minimum to the transition-state energy maximum. Only the results at the latter level are reported here. The range of magnitudes of Eisol in Table 1 can be discussed in terms of the long- As indicated in Figure 3 and Table 1 , an isolated molecule of 1,9-DMP has a larger calculated rotation barrier for the 9-methyl group (Eisol = 2.5 kcal/mol) than for the would be expected to experience similar steric effects, the difference between these two barriers can be attributed mainly to the electronic effect 11-13 discussed above.
Specifically, our X-ray diffraction analysis of 1,9-DMP showed that the bond distances for the C9-C10 bond (1.345 Å) and the C9-C8a bond (1.444 Å) differ by 0.099 Å, whereas the bond distances for the C1-C2 bond (1.373 Å) and the C1-C10a bond (1.419 Å) differ by only 0.046 Å. Therefore the difference in -bond orders of the two flanking ring bonds would be larger at the 9-position than at the 1-position, which accounts qualitatively for the 9-methyl group having the larger value of Eisol. groups reveal the cooperative rotation process illustrated in Figure 5 , in which one of the methyl groups can be seen to act as a kind of gatekeeper for the rotation of the other methyl group. In the first half of the rotation process both methyl groups rotate cooperatively, one by 30º and the other by 11º, after which the former methyl group continues its rotation for another 30º to reach the transition state with  = 60º while the "gatekeeper" methyl group reverses its direction of rotation to go back to  = 0º. The sequence in which the compounds are listed in Table 1 is organized to show that the methyl groups in this study can be sorted into the following four categories on the basis of the magnitudes of the barriers and the types of ring carbons to which the rotating methyl groups are attached: (1) the highest barriers were found for the peri methyls at the 9-positions in 9-MP, 1,9-DMP, and 3,9-DMP (all 2.5 kcal/mol) because both electronic and steric effects are contributing to raising the transition-state energies; (2) Table 1 . 15 These final values of Eclust were each lower in energy, by amounts ranging from 0.4 kcal/mol to 1.4 kcal/mol, than the corresponding preliminary values of the barriers in the clusters that had been obtained after the first-stage calculations.
There are some small differences in the calculated molecular structures for the central molecules in the clusters as compared with the calculated molecular structures for the isolated molecules. For example, although the carbon skeletons (except for 4,5-DMP) are coplanar in the isolated molecules, they are found by X-ray or neutron diffraction measurements to be slightly twisted in the crystals (and therefore also in the clusters). Also, as shown in Table 2 , the calculated values of the dihedral angles of the central molecules in the clusters (clust) are larger than those in the isolated molecules (isol) by amounts up to 15º, as one would expect from intermolecular steric interactions. In an attempt to evaluate the separate intramolecular and intermolecular contributions to the rotation barriers Eclust, we have assumed as a first approximation that the magnitude of the intramolecular component Eintra is equal to Eisol and the magnitude of the intermolecular component Einter is equal to Eclust -Eisol. As shown in Table 1 , the fifteen calculated values of Einter that were obtained using this approach range from 0.0 kcal/mol to 1.0 kcal/mol. In principle, an intermolecular steric interaction could either increase or decrease the barrier for the rotation of the Cm methyl group, depending on whether the destabilizing steric crowding of that methyl group against an adjacent molecule in the cluster is more severe in the transition state or more severe in the ground state for that rotation. 16 In view of the conceptual approximations of our assumption that Einter = Eclust -Eisol, as well as the numerical uncertainties that are inherent for the values of Einter because they are obtained as the differences between the computed values of Eclust and Eisol, the only conclusion we wish to draw with regard to intermolecular steric effects is that they seem to have a relatively small influence on the magnitudes of the methyl rotation barriers in the clusters of our eight compounds.
Solid State NMR Relaxation Measurements of the Activation Energies Enmr
for Methyl Rotation in the Crystals. In our solid-state NMR nuclear-spin-relaxation experiments we measure the 1 H spin-lattice relaxation rates 1/T1 as a function of the NMR frequency /2 and the absolute temperature T. 6, 7 The observed relaxation rates are interpreted in terms of Bloch-Wangsness-Redfield theory. [17] [18] [19] [20] In the hightemperature short-correlation-time limit the relaxation rate can be expressed as 1/T1 = C where C is a constant whose numerical value depends on other known constants and geometric parameters, The ten experimental values of Enmr in Table 1 (which experiences a combination of an electronic effect and a peri steric effect) and 2,6-DMN (which experiences only an electronic effect). Finally, our results provide additional support for the usefulness of the traditionally invoked contributions of steric and electronic factors to the rotation barriers for methyl substituents on aromatic rings.
EXPERIMENTAL SECTION
Characterizations of Compounds. Characterization data are given below for the five compounds we used in our X-ray crystallographic determinations of the molecular and crystal structures for 9-MP, 1,9-DMP, 3,9-DMP and 2,6-DMP, and also in our solidstate NMR measurements of the spin-lattice relaxation rates for 9-MP, 1,9-DMP, 3,9-DMP and 9,10-DMP. The 1 H NMR spectra and the complete GC-MS results (chromatograms and mass spectra) for these five compounds are included in the Supporting Information. X-ray Crystallographic Measurements. The molecular and crystal structures for 9-MP, 1,9-DMP, 3,9-DMP, and 2,6-DMN were obtained by single-crystal X-ray diffraction analyses using standard methods at low temperatures. 29 The space groups for 9-MP and 3,9-DMP were uniquely assigned from systematic absences. The asymmetric unit for 9-MP contains two crystallographically independent molecules. The asymmetric unit for 1,9-DMP contains a half molecule on an inversion center. The space group for 1,9-DMP was found to be the non-centrosymmetric alternative due to the absence of an appropriately aligned mirror plane. All non-hydrogen atoms were anisotropically refined.
9-Methylphenanthrene (9-MP
The experimental results for these four compounds are given in the Supporting Information in Table S10 and in the CIF files.
Solid-State NMR Relaxation Measurements. The spin-lattice relaxation rate for 9,10-DMP was measured in the present work using standard techniques 6, 7, 30 at temperatures T ranging between 90 K and 295 K and at NMR frequencies of 22.5 MHz and 53.0 MHz. Because the activation energy for methyl rotation in 9,10-DMP is so small (1.2 kcal/mol), only the high-temperature, frequency-independent, and linear behavior of ln(1/T1) versus T -1 was observed throughout this temperature range. The activation energy was extracted from the slope of a plot of ln(1/T1) versus T -1 .
Electronic Structure Calculations. All the ab initio electronic structure calculations reported here were carried out using the Gaussian 03 program suite. 31 Further details have been reported elsewhere for analogous calculations involving the rotations of methyl, isopropyl, and trifluoromethyl substituents on aromatic rings. 32, 33 Supporting Information. Calculated total energies in Hartrees and calculated structural coordinates for all the atoms in the eight molecules of interest in their ground states and also in their transition states for methyl rotation, both for the isolated single molecules and for the clusters; comparisons of the calculated ground-state structures of these molecules with those determined by X-ray or neutron diffraction studies; CIF files for the four X-ray structures reported here; proton NMR spectra and GC/MS data for 9-MP, 1,9-DMP, 3,9-DMP, 2,6-DMN, and 9,10-DMP. This material is available free of charge via the Internet at http://pubs.acs.org.
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